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Objective:  This  study  examines  the  extent  that  temperatures  in  English  living  rooms  correspond  to
standard  assumptions  made in  established  UK  building  stock  models.
Methods:  Spot  temperature  measurements  taken  every  45  min  over  92  winter days  in 248  homes  in
England  were  analyzed  and  compared  to the assumed  thermostat  setting  of  21 ◦C  inside  and  outside  the
assumed  heating  periods.
Results:  Homes  on  average  displayed  lower  internal  temperatures  during  assumed  heating  periods  and
signiﬁcantly  shorter  durations  of  heating  to  21 ◦C than  common  models  assume,  with  about  20%  of
homes  never  reaching  the  assumed  demand  temperature  of 21 ◦C. Data  showed  a difference  of  only
about  45 min  in  the  duration  of  temperatures  at or above  the  demand  temperature  for weekdays  andnternal temperature
ariability
weekends,  contrary  to  the assumed  difference  of 7 h.  Variability  between  homes  was  large.
Conclusion: These  ﬁndings  suggest  that  currently  used  standard  assumptions  of heating  demand  and
heating  duration  do not  accurately  reﬂect  the living  room  temperatures  of  dwellings  in England.
Practice  implications:  Standard  assumptions  might  have  to be revised,  in particular  regarding  the
weekday–weekend  differentiation.  The  prediction  of  internal  temperature  for  a given  home  contains
n  usinpotential  large  error  whe
. Introduction
In order to meet climate change and energy policy goals, the
nited Kingdom must reduce greenhouse gas emissions by 80%
y 2050 from 1990 base line levels [1]. Since home energy use
ccounts for 23% of these emissions [2], the UK Government estab-
ished a goal of reducing emissions from homes by 29% by 2020
3]. Reducing energy consumption and emissions from residential
omes requires understanding of both the buildings and the way
hey are used, since it is the two together that results in energy
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consumption. One common approach is to use models to predict
home energy use, and then make recommendations for energy
saving based on the outputs of the models. However, scarce empir-
ical evidence is available to support the assumptions used in these
models regarding occupant demand temperatures in UK dwellings.
Residential energy consumption models are largely grouped
into either top-down models, which estimate consumption based
on aggregated input parameters, or bottom-up models, which cal-
culate consumption based on household-level variables and can
then be extrapolated to a larger scale, such as the whole build-
ing stock for a country [4]. Bottom-up models can be useful for
identifying speciﬁc energy-efﬁcient and cost-effective measures for
emissions reductions [5]. A widely used bottom-up model on which
many housing stock models are based in the UK is the Building
Research Establishment Domestic Energy Model (BREDEM). This
is a data-driven building physics model which uses “heat balance
equations and empirical relationships” to estimate energy demand,
though the distinction between modelled parameters and the basis
for empirical relationships remains uncertain [5, p. 1685]. This
model was developed in the 1980s and has undergone a number
of revisions of ﬁne-tuning, particularly as it moved from a paper-
based to computer-based tool [6]. The current versions estimate
annual energy demand (BREDEM 12) and monthly energy demand
reserved.
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BREDEM 8) of homes, and a modiﬁed version (BREDEM 9) forms
he basis the Standard Assessment Procedure (SAP), the UK govern-
ent’s primary assessment mechanism for determining the energy
fﬁciency of homes. The results of SAP inform, inter alia, the UK
uilding Regulations which instruct the building industry and set
he expected standard for energy efﬁciency in homes. Many UK
ousing stock models use BREDEM as the foundation for calculating
nergy consumption of the domestic stock including BREHOMES,
he Cambridge Housing Model, DeCARB, UKDCM and CDEM [5].
The BREDEM family of models serves a variety of purposes. As
art of regulatory instruments, like the SAP, they set standards
or energy use against which individual dwelling design proposals
re evaluated for compliance. In doing this they serve a normat-
ve function representing how the fabric and heating technology in
wellings should perform; they standardize occupant inﬂuences
n order to assess the building performance independently of occu-
ant effects. When used as the basis for building stock modelling
owever, their purpose is to indicate how homes (i.e. occupied
ouses) actually perform. In this function they should correctly rep-
esent occupant inﬂuences in order to correctly estimate national
nergy demand from the nation’s homes.
BREDEM (and SAP) include a wide array of input parameters,
ncluding building materials, size and type of dwelling, heat loss,
entilation, lighting and appliance use, and water and space heat-
ng. Overall energy use is estimated from four main areas: space
eating, water heating, cooking and lights and appliances. Of those
our, space heating is the largest contributor to energy consump-
ion; on average, it accounts for 57% of energy use in a home [3].
n BREDEM, space heating calculations are based on “heat losses,
eat gains and the internal temperatures” in dwellings [7, p. 52].
eat losses can occur due to the nature of building materials as well
s through ventilation. Heat gains are calculated from heating sys-
ems, as well as other sources such as cooking, water heating, solar
ains, gains from electronic devices, and metabolic gains. Internal
emperatures are calculated in two zones: the living area (or living
oom) and the rest of the dwelling. The default assumption in the
odel is that the living area is heated to a higher temperature (usu-
lly 3 ◦C) than the rest of a home and only heated during speciﬁc
ime periods, speciﬁcally:
Heating demand temperature (i.e. the thermostat setting): 21 ◦C
Heating pattern:
o Weekday: 7:00–9:00, 16:00–23:00 (9 hours)
o Weekend: 7:00–23:00 (16 hours)
Outside this speciﬁed time periods, the heating system is
ssumed to be off. BREDEM based models assume that the demand
emperature is reached immediately when the heating is on.
Heating systems and heating controls are also taken into account
egarding these estimations. BREDEM assumes that the average
emperature demanded in a living room is 21 ◦C only if it has central
eating and a room thermostat; otherwise, the living room demand
emperature is assumed to be slightly higher. A sensitivity analysis
n a BREDEM-informed model, CDEM, found that heating demand
emperature was the most important input variable, followed by
eating pattern [8]. Hence, in order to predict energy consump-
ion and carbon emissions correctly as energy efﬁciency measures
re applied in the building stock, detailed estimates are needed
rom empirical measurements of heating demand temperatures
nd patterns.
The input parameters to BREDEM are based on empirical data
nd can be altered to include actual data from a given build-
ng. However, the default values which are commonly used for
ccupant-related variables, such as heating patterns or internal
emperatures, have questionable validity: Oreszczyn and Lowe [9]
ndicate that more data is needed to validate the BREDEM modeluildings 66 (2013) 688–696 689
and capture the observed variations in occupant behaviour known
to occur in the stock (see also [5,10]). In addition, Kelly demon-
strated that estimates of energy demand made using SAP have been
shown to be poor predictors of actual energy consumption [11], and
more speciﬁcally, of the fuel consumption related to space heating
[12].
Whilst Shipworth et al. found that the average maximum inter-
nal temperature for three winter months, used as a proxy for
thermostat settings, was  21.1 ◦C, in line with the heating demand
temperatures as assumed by BREDEM based models, the analysis
revealed large variability in the heating demand temperature [10].
Also, for weekends, the estimated heating duration was only 8.4 h,
almost half of the BREDEM assumption of 16 h. For weekdays, the
estimate was  about in line with the length of time that BREDEM
assumes for weekdays, i.e. 9 h. However, the authors did not analyze
when the heating was on over the course of a day.
The aim of this paper is to test if the BREDEM default values
for heating demand temperatures and heating duration accurately
reﬂect living room temperatures in English homes. The data con-
sists of living room temperatures recorded in 2007–2008 in 248
dwellings across the UK. The measured temperatures are com-
pared to the BREDEM demand heating temperature of 21 ◦C and
according to the default BREDEM heating pattern for weekdays and
weekends. The investigation speciﬁcally examines the extent that
the measured temperatures correspond with the assumed heating
(and non-heating) periods in BREDEM, i.e. the temporal distribu-
tion of temperatures of 21 ◦C over the course of a day are examined.
It is important to note that this approach only compares realized
temperatures against assumed temperatures; the ﬁndings should
not be interpreted as an indication of alternative heating dura-
tions and demand temperatures to be used in BREDEM models.
This is because BREDEM assumes that the heating system can ele-
vate internal temperatures to 21 ◦C the instant that temperature
is demanded, and thus the duration of heating demand temper-
ature being reached, and the duration of the heating being on,
are identical. In reality, homes do not reach the demand tempera-
ture instantly, and so the duration of heating demand temperature
being reached, and the duration of the heating being on, are not
identical.
2. Methods
2.1. Survey and temperature measurements
This study draws on living room temperature data from the Car-
bon Reduction in Buildings Home Energy Survey (CaRB HES), the
ﬁrst national survey to exclusively focus on energy use in English
homes, that commenced in early 2007 (for details, see [10]). House-
holds were selected by stratiﬁed random sample drawn from the
Postcode Address ﬁle. Sampling and face-to-face interviews in 427
homes were carried out by the National Centre for Social Research
(NatCen). During the interview, householders answered questions
on the building characteristics of their home, heating practices,
and socio-demographics. For a subset of homes, temperatures were
monitored in the bedroom and living room from mid  July 2007 to
early February 2008. HOBO UA 001-08 sensors were used; these are
self-contained data loggers that were programmed to record spot
temperature every 45 min, resulting in 32 measurements per day.
These were placed in the home by the interviewer and/or the home-
owner with instructions on correct placement, i.e. between knee
and head height, away from any heat sources or direct sunlight. The
sensors have a manufacturer reported accuracy of ±0.47 ◦C, how-
ever calibration measurements were taken for each logger before
placement in the home and used to correct subsequent readings
after the recorded data had been extracted.
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Table 1
Comparing the CaRB HES with temperature data with national estimates.
Characteristic CaRB HES
survey (%)
EHCS 2007
(%)
Tenure type
Owner occupied 82.7 71.2
Privately rented 5.2 11.6
Local authority 6.0 8.8
Housing association/registered social
landlord in EHCS 2007
5.6 8.4
Dwelling type
Terraced 22.2 27.9
Semi-detached 25.0 27.8
Bungalow or detached houses 41.1 27.8
Flats 10.1 16.6
Other 1.6
Dwelling age
Pre 1919 13.4 21.1
1919–1944 17.4 17.5
1945–1964 23.0 19.7
1965–1980 26.2 21.8
Post  1980 19.8 19.9
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over the course of a day were Mweekday = 18.96 ◦C (SDweekday = 2.46)
and Mweekend = 19.11 ◦C (SDweekend = 2.44). As data did not vio-
late the assumption of normal distributions, as checked withTotal number of households in survey 248 21,380
.2. Sample characteristics
Of the 275 dwellings with data on living room temperatures, 11
sed night-storage heaters, and 16 used other types of non-central
eating technology; these were excluded from the following analy-
is as BREDEM assumptions differ for those technologies [7]. Of the
emaining 248 homes, 93.5% had central heating with gas or LPG,
nd the other 6.5% had some other sort of central heating. Table 1
rovides a brief overview of key characteristics of the sample in
omparison to national averages [13].
As Table 1 shows, the CaRB sample had an over-representation
f owner-occupied and detached homes and bungalows, and
nder-representation of privately rented accommodation and
ats.
.3. Temperature data and data cleaning
Living room data was recorded for the winter months, deﬁned as
 92-day period between November 2007 and January 2008, after
hich point the temperature loggers were withdrawn. A variable
xpressing average daily external temperature was created based
n minimum and maximum temperature at local weather stations
ithin the respondent’s Government Ofﬁce Region [14]. For no day
r region in the data analyses did the average maximum external
emperature exceed 15.5 ◦C; this is the temperature above which
t is assumed that no heating is necessary [15]. The recorded inter-
al temperature data was screened for outliers, i.e. for recorded
emperatures below 10 ◦C or above 35 ◦C, and for changes of more
han 10 ◦C in 45 min  (indicating, e.g., possible placement close to
 heating source or in direct exposure to sunlight). Those poten-
ially erroneous data points occurred on less than 0.2% of days and
ere excluded from further analysis. The dataset was managed and
nalyzed using SAS 9.2, MS  Access, SPSS, STATA, and MatLab.
.4. Analysing the data
The measured temperatures over the 92 days of winter formed
he basic unit of analysis. As the BREDEM models assume differ-
nces in heating demand depending on weekday versus weekend,
he data were divided into weekdays (66 days) and weekends
26 days). During the cold months of winter, when external tem-
eratures were not exceeding 15.5 ◦C, BREDEM assumes heating
ystems must bring the living room to the comfort temperature ofuildings 66 (2013) 688–696
21 ◦C. In Section 3.1, the average temperatures for weekdays and
weekends are indicated. Then, the measured temperatures during
the assumed heating periods are compared to the assumed heat-
ing demand temperature. Section 3.2 examines the probability that
homes were heated to below 21 ◦C, to 21 ◦C, and above 21 ◦C. For
each home and measurement point, the number of occurrences of
temperatures equal to or below 20.5 ◦C (below BREDEM), above
20.5 ◦C and below 21.5 ◦C (matching BREDEM), and equal to and
above 21.5 ◦C (above BREDEM) was counted. For each home at each
of the 32 measurement points, the frequencies were divided by the
number of data points (i.e. 66 for weekdays and 26 for weekends)
to arrive at a probability value for each of those three categories for
each measurement point. The temperatures 20.5 and 21.5 ◦C were
chosen as the dividing point following the standard convention of
rounding to the nearest integer. This way  of representing tempera-
ture data is similar to showing actual temperature, but has one key
advantage: it disregards absolute deviation from the assumed heat-
ing demand temperature, allowing a classiﬁcation of how many
homes meet the assumed demand temperature, how many homes
are below, and how many are above. Given that the aim of the paper
is to compare to what extent BREDEM assumptions are met, the
absolute magnitude of difference is not the main focus. When aver-
aging across measurement points within one home, it is possible
to calculate an estimate of the number of hours that a home would
fall into each of the three categories.
2.5. Deﬁnition of heating time periods
A perfect mapping on the heating times as assumed by BREDEM
was not possible as temperatures were taken at 45 min intervals.
To coincide with these, the weekday morning time window was
deﬁned as ranging from 7:30 to 9:00, and the evening window
as 16:30–22:30. The weekend5 time window ranged from 7:30
to again 22:30. Though these times underestimated very slightly
the BREDEM-deﬁned heating periods, they allowed more time for
heating up the dwelling, and therefore the potential for higher tem-
peratures in the time frames, and therefore offered a conservative
assessment of BREDEM assumptions.
3. Results
3.1. Average heating temperatures and patterns
In order to examine average temperatures of the CaRB HES sam-
ple, the mean temperature over the 92 days of winter at each
measurement point was calculated for each home. The mean values
were then averaged across all homes.
Fig. 1 shows the average mean temperatures for weekdays (solid
line) and weekends (dashed line) for all dwellings across the win-
ter measurement period. The vertical lines indicate the times when
BREDEM assumes the heating demand temperature would reach
21 ◦C during weekdays and weekends. As can be seen, average tem-
peratures never reached 21 ◦C during the assumed heating periods,
or at any point during the day, whether weekend or weekday.
BREDEM assumes a demand temperature and an achieved tem-
perature of 21 ◦C for 16 h on weekends and 9 h on weekdays.
Mean temperature, therefore, would be expected to be higher on
the weekends. In the CaRB HES dataset, the mean temperatures5 The term ‘weekend’ indicates one day of the weekend (i.e. 24 h). For brevity, the
term ‘weekend’ is used in this meaning throughout the paper instead of writing ‘one
weekend day’.
G.M. Huebner et al. / Energy and Buildings 66 (2013) 688–696 691
F s (das
B
t
c
t
a
M
a
a
a
h
w
s
t
i
r
o
i
p
t
(
w
d
T
F
t
c
o
i
l
e
w
T
Aig. 1. Average temperatures across all homes for weekdays (solid) and weekend
REDEM.
he Kolmogorov-Smirnov test, parametric tests were used to
ompare temperatures; a paired t-test showed that weekend
emperatures were signiﬁcantly higher than weekday temper-
tures, t(247) = 6.72, p < .001. However, the difference was  only
difference = 0.16 ◦C, indicating that despite seven more hours of
ssumed heating for weekends by BREDEM, the average temper-
ture was barely higher than for weekdays.
To test the BREDEM assumption of a heating demand temper-
ture of 21 ◦C for certain heating periods, the averages of each
eating period were compared against a value of 21 ◦C. Analysis
as done with one-sample t-tests. As seen in Table 2, the mea-
ured temperature for each heating period was signiﬁcantly lower
han 21 ◦C.
Though BREDEM assumes that both morning and evening heat-
ng periods attempt to achieve a similar temperature in the living
oom, the CaRB HES data indicates that mornings are cooler. In
rder to examine this in more detail, the morning and evening heat-
ng periods of weekdays were compared with the between heating
eriod, i.e. from 9:45 to 15:45. The mean temperature between the
wo assumed heating periods was Mbetween heating weekday = 18.62 ◦C
SDbetween heating weekday = 2.49). A repeated measures ANOVA
as used to test whether the means of three groups (i.e. week-
ay morning, weekday between, and weekday evening) were equal.
emperatures differed signiﬁcantly across the three periods,
(2,494) = 299.96, p < .001. In order to test which of the tempera-
ure values differed signiﬁcantly from each other, post hoc pairwise
omparisons with Bonferroni correction were calculated. Each
f the three pairwise comparisons were signiﬁcant (all p < .001),
ndicating that weekday morning temperatures were signiﬁcantly
ower than both the period between heating windows and weekday
vening temperatures, and that weekday evening temperatures
ere signiﬁcantly higher than the ‘between’ temperatures.
able 2
verage temperatures during BREDEM heating periods, compared to 21 ◦C.
CaRB HES heating period Mean tempera
Weekday morning heating period, 7:30–9:00 (Mweekday morning) 18.31 
Weekday evening heating period, 16:30–22:30 (Mweekday evening) 19.87 
Weekend heating period, 7:30–22:30 (Mweekend) 19.30 hed). The dashed vertical lines indicate approximate heating times according to
Hence, a decline in temperature from assumed weekday morning
heating hours to subsequent hours was  not observed, contrary
to what would be expected in the BREDEM model. Even when
considering only the middle measurement point of the ‘between’
period, i.e. at 12:45 (M12:45 = 18.60 ◦C, SD12:45 = 2.50), to allow a
longer time for the building to cool down in the assumed non-
heating time, the results are the same, with higher temperatures
in the between heating than the morning heating hours contrary
to BREDEM assumptions of a clear two-peak heating pattern.
For weekends, roughly the same temperatures would be
expected under BREDEM from 7:00 to 23:00. However, as seen in
Fig. 1, average temperatures in the CaRB HES sample continue to
increase during the heating hours. In fact, the temperature pattern
that emerged here is similar for weekdays and weekends; the main
difference is the steeper increase on weekend days from about 9:00
to 15:45, i.e. the ‘between’ heating period on weekdays.
The empirical data hence showed signiﬁcant deviations from
BREDEM model default values. Homes were, on average, not heated
to 21 ◦C during the assumed heating periods. However, the standard
deviations of a magnitude of about 2.5 ◦C in all of the temperature
averages as calculated up to now indicate a large variability in the
individual temperature data. For example, the weekday evening
heating period has an average temperature of 19.87 ◦C with a SD
of 2.63 ◦C. This means that about 34% of all homes have an average
temperature between 17.24 and 19.87 ◦C, and another 34% between
19.87 and 22.50 ◦C. Yet another 16% will have even colder tempera-
tures than 17.24 ◦C on average, and 16% warmer temperatures than
22.50 ◦C. This large variability of data is exempliﬁed by Fig. 2, which
shows the individual average data for the 248 homes.Fig. 2 indicates that heating demand temperatures and heat-
ing durations do not follow a standard pattern, but vary widely
between homes.
ture (◦C) Standard deviation One-sample t-test against 21 ◦C
t df p
2.57 −16.46 247 <.001
2.63 −6.78 247 <.001
2.48 −10.80 247 <.001
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the course of the day was  examined to test if temperatures of
21 ◦C are reached in homes for 9 and 16 h when considering
the whole day. If so, this would indicate that the patterns are
shifted with regard to the assumed periods of heating but that
Table 3
Percentage of homes falling into each of the three categories during assumed heatingFig. 2. The individual lines correspond to average weekd
Taken together, analysis of temperature revealed:
Average temperatures were below the assumed heating demand
temperature of 21 ◦C during the assumed heating periods both
for weekdays and weekends.
The two-peak heating pattern for weekdays (i.e. morning and
evening) assumed by BREDEM was not evident in the data. In
fact, the morning period was signiﬁcantly cooler than both the
evening heating period and the period of time between morning
and evening.
Average temperatures increased from early morning to late
evening both for weekdays and weekends.
The difference in daily average temperatures between weekdays
and weekends was 0.16 ◦C. While this is statistically signiﬁcant,
it is of little practical signiﬁcance in the context of between home
variability in temperatures.
.2. Probability of temperatures being below, within, or above
REDEM assumptions
The results of translating average temperatures into probabil-
ties of temperatures below, at, and above the assumed demand
emperature are reported in this section. The probabilities were
alculated for each home at each measurement point and then
veraged across homes at each measurement point. Given that the
robability estimates were not normally distributed, both the mean
nd median would be biased estimators of central tendency. The
odges–Lehmann estimator is a robust estimator of central ten-
ency recommended for use with non-normally distributed data
16].6 The resulting values are much more suited for expression
f central tendency but lose the property that the average prob-
bility values for the three categories add up to exactly 1 at each
easurement point. Fig. 3 shows the probability of temperatures
alling into each of the three categories at each measurement point,
or weekdays (a) and weekends (b).
The average probability – either over the course of a day or at
ny given measurement point or time period – can be interpreted
6 It is calculated as the Cartesian product of the dataset with itself, i.e. for this
ataset with n = 248 measurements, it has 248(248 + 1)/2 pairs. For each such pair,
he  mean is computed. Finally, the median of these n(n + 1)/2 averages is deﬁned to
e  the Hodges–Lehmann estimator of location.nter temperature data for the N = 248 individual homes.
in two ways: (1) it indicates the percentage of homes with tem-
peratures in the respective categories at the time period or point
under consideration and (2) it represents the likelihood of a home
drawn at random from the dataset falling into the category over the
period indicated.
The graphs indicate that throughout the day, including BREDEM
assumed heating periods, more than half the homes did not reach
the assumed demand temperature. On the other hand, both within
and outside assumed heating periods, some homes showed tem-
peratures above 21 ◦C. For each of the BREDEM assumed heating
periods the percentage of homes falling into the three categories
was calculated (Table 3). If BREDEM assumptions were reﬂected in
living room temperatures, then 100% of homes should fall into the
middle column, i.e. corresponding to BREDEM assumptions.
Table 3 shows that for all three of the assumed heating periods
and hence expected temperatures of 21 ◦C, the majority of homes
had lower temperatures. Only between 7% and 12% of homes
matched the assumed temperature of 21 ◦C. During weekday morn-
ing heating periods almost nine out of ten (88%) failed to reach
21 ◦C, and in the evenings more than one in four homes (29%)
reached temperatures above 21 ◦C in the assumed heating periods.
It is not the case that the same proportion of homes are below and
above 21 ◦C in the heating periods which would indicate that on
average homes would reach 21 ◦C. The results indicate that homes
have lower temperatures than assumed in BREDEM in assumed
heating periods.
In the next step, the distribution of the three categories overperiods.
Percentage of homes
Below 21 ◦C At 21 ◦C Above 21 ◦C
Morning weekday heating 88% 7% 3%
Evening weekday heating 57% 12% 29%
Weekend heating 67% 10% 19%
Given the usage of the Hodges–Lehmann estimator, percentages do not add up to
100% in all cases.
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PFig. 3. Probability of temperatures falling into three categories of being be
he duration per se corresponds to recorded temperatures. The
robability estimates were averaged over the 32 measurement
oints, and the resulting average was multiplied by 24 (i.e. the
umber of hours per day) to get an estimate of the number of hours
omes fall into the respective categories over the course of a day
Table 4).
The data showed that also when considering the whole day, the
umbers of hours of temperatures of 21 ◦C were much lower than
ssumed. Dwellings reached temperatures of 21 ◦C or more for only
bout 5 to 5 h 45 min  per day. The estimates for weekdays and
eekends are very similar, with only about 45 additional minutes
f temperatures of 21 ◦C or more on weekends.
Taken together, this part of analysis showed that:
The majority of homes did not reach 21 ◦C during the assumed
heating periods. This effect was particularly striking in the
able 4
robability for each of the three categories and numbers of hours of in the three categorie
Probability of temperatures 
Below 21 ◦C At 21 ◦C Above 21 ◦C
Weekday .74 .09 .13 
Weekend .71 .09 .16 ithin, or above BREDEM assumptions for weekdays (a) and weekends (b).
assumed morning heating periods where 88% of homes had tem-
peratures lower than 21 ◦C.
• Homes on average reached 21 ◦C only for about 2 h per day; above
21 ◦C for about 3 h, and hence temperatures below 21 ◦C for about
18 h.
• Weekends and weekdays showed a very similar distribution
across the three categories.
3.3. Variability between homes on the durations of temperatures
above 20.5 ◦C
In a ﬁnal step, the reasons that these ﬁndings differ from
BREDEM default values were examined. There were two possi-
ble hypotheses: (1) all homes differ in a similar manner from the
BREDEM assumptions (i.e. having a longer-than-expected duration
of temperatures below the assumed demand temperature) or (2)
s.
Number of hours over the day
 Below 21 ◦C At 21 ◦C Above 21 ◦C
18 h 10 min  2 h 3 h
17 h 20 2 h 11 min  3 h 38 min
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dFig. 4. Histograms of observed hours of temperatures bel
here is a great variability between homes in being below, at or
bove the assumed demand temperature. As indicated by the large
ariability in the average temperatures (see Fig. 2), the latter is
ore plausible. A differentiation between the two  is of importance
hen predicting heating demand of an individual home (instead
f a large sample) because the error of prediction for an individual
ome could be large if homes differ substantially. Fig. 4 shows a his-
ogram of the daily hours homes displayed temperatures below, at,
r above the commonly modelled demand temperature. The distri-
ution within a category is shown as the percentage of homes that
ave a given value of number of hours of fulﬁlling the criteria of the
espective category.
Given the large similarity between weekdays and weekends,
nly data for weekdays is presented.
Fig. 4 indicates the wide variation in average hours spent in
he respective temperature categories. About 22% of homes always
ad temperatures below the assumed heating demand tempera-
ure, and another 11% for 23 h (Fig. 4a). All possible values were
resent; homes varied from zero to 24 h of temperatures below
0.5 ◦C. BREDEM would expect 15 h of temperatures below the
emand temperature on weekdays; however, 65% homes had even, at (b), and above (c) the assumed demand temperature.
more hours, and 32% of homes less hours of temperatures below
the demand temperature. No home showed temperatures of 21 ◦C
for exactly 9 h as assumed under BREDEM for weekdays (Fig. 4b);
65% had fewer hours at the assumed demand temperature and
35% more hours. About 40% of homes never reached temperatures
above the assumed demand temperature but data is again widely
dispersed (Fig. 4c).
These ﬁndings indicate that homes differ strongly in the number
of hours in which they reach temperatures below, at, or above the
demand temperature. The distribution is not uniform across all pos-
sible numbers (i.e. from 0 to 24 h) though, with a larger proportion
of homes located at one end of the underlying scale. The variabil-
ity indicates that prediction of heating demand for one particular
home will very likely be incorrect when based on the average of a
sample or standard assumptions.
In summary, analysis of the variability of homes showed:• There was  a large variability in the number of hours that dwellings
reached temperatures below, at, and above the assumed demand
temperature.
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On weekdays, about 65% of homes had less than the assumed 9 h
of heating to 21 ◦C.
On weekends, about 82% of homes did not reach the assumed 16 h
of heating to 21 ◦C (data not shown).
. Discussion and conclusion
As far as the authors are aware, this is the ﬁrst published study
o compare measured living room temperatures with the assumed
eating periods used in BREDEM. The results suggest that the
efault heating values in many BREDEM based UK housing stock
odels are far from an accurate representation of the tempera-
ures people actually achieve in their homes. This has signiﬁcant
mplications for understanding home heating, building models
nd national energy policy. The BREDEM default values of two
ccupant-related variables, i.e. living room heating temperature
nd time periods of heating, were compared to recently collected
ata from 248 UK households in an attempt to answer if homes are
eated to 21 ◦C during the assumed heating periods and for how
any hours homes are heated to 21 ◦C (i.e. not considering if within
he assumed time periods). The analysis indicated that a large
hare of homes had lower temperatures than the assumed heat-
ng demand temperature during assumed heating periods, from
bout 57% during the weekday evening heating, about 88% dur-
ng the assumed morning heating, and about two-thirds during
he assumed weekend heating periods. Also uncoupled from the
ssumed period of heating, on average the estimated durations of
eating to 21 ◦C were much shorter than the BREDEM assumption
f 9 and 16 h, for weekdays and weekends, respectively, of heat-
ng to 21 ◦C. Up to 29% of homes showed temperatures above the
ssumed demand temperature in assumed periods of heating; how-
ver, this did not balance out the large proportion of homes with
elow-assumed temperatures or actual temperatures. In addition,
he ﬁndings indicated that weekdays and weekends have much
ore similar heating patterns than assumed in BREDEM, and that a
arge variability between homes exist, challenging the assumption
hat one pattern ﬁts all.
Beyond establishing that BREDEM default values do not reﬂect
emperatures of living rooms in England, the results are of partic-
lar importance in relation to the following four aspects:
1. Predictions of energy demand for an individual home contain
 high degree of uncertainty.
The large variability between homes – irrespective of BREDEM
ssumptions – indicates that homes do not follow a standard pat-
ern. This accords with previous ﬁndings: Hunt and Gidman [17]
ound a standard deviation of 3.0C in living room temperatures;
almborg [18] found wide variations in their small study in Stock-
olm; as did Rathouse and Young [19] in their qualitative study in
ngland. Hence, prediction of heating durations or heating demand
emperatures for an individual dwelling based on a group aver-
ge could lead to substantial prediction errors. If average values
re used for predicting energy savings and hence ﬁnancial savings
hrough refurbishment, then this could lead to the predicted sav-
ngs not materializing. For example, in the UK, the Government
aunched the “Green Deal” scheme which gives loans for energy
fﬁciency measures which are paid back through the energy bills
20]. The intention is that savings on energy bills will outweigh the
ost of repayments, the so called “Golden Rule”. In order for this
o work out, predictions need to be as accurate as possible so that
ouseholds will not be left with much higher bills than expected to
epay the loans. Just as temperatures have previously been shown
o be inﬂuenced by social and building demographic variables [21],
inking heating durations and temperatures to certain building-
r socio-demographic segments, for example, could increase pre-
iction accuracy, and additionally help in targeting subgroups for
nergy saving interventions much more precisely.uildings 66 (2013) 688–696 695
2. Weekends and weekdays are much more similar than
assumed, leading to an overestimation of energy used.
The difference between weekends and weekends, both in aver-
age temperatures and heating to 21 ◦C, was very small. This is in
line with previous ﬁndings of similar hours of heating duration of
weekends and weekdays [10]. BREDEM based models, on the other
hand, assume that heating duration is 7 h longer on weekends than
weekdays. This means that the assumed energy demand is most
likely overestimated. A revision of default assumptions would be
in order. Given the comparatively small difference between week-
days and weekends, adaption of a single heating duration for all
seven days of the week seems a prudent simplifying assumption.
3. BREDEM based models which function as building stock mod-
els need to accurately represent how homes actually perform,
correctly representing occupant inﬂuences, if a correct allocation
of energy demand to space heating is to be achieved.
The ﬁndings are not as important for models which are designed
to compare the potential of building fabrics and technologies, such
as SAP. However, the ﬁndings are critical for representing the
spectrum of occupant-driven heating patterns and temperatures.
In turn, these will heavily inﬂuence actual energy consumption
and greenhouse gas emissions in models attempting to repre-
sent a nation’s homes. BREDEM and similar building stock models
have become benchmarks for assessing energy use and subsequent
energy efﬁciency measures. Policy and regulations often rely on
the outcomes of such models for setting standards and assessing
future energy and climate change scenarios. It is therefore impor-
tant that they draw upon empirically based evidence as closely
as possible. As stock models are already lacking in socio-technical
variables [5], they should therefore make the best use of the few
occupant-related variables which are already incorporated by rig-
orously examining accuracy and variability, particularly as new
data become available. Given the expected demographic changes
of an older population and more, but smaller, households [22], a
detailed representation of typical values for subgroups of the pop-
ulation would be needed in order to predict future energy demand
correctly. This would allow a segmentation of the housing stock
on socio-demographic variables as well as building-demographic
variables currently supported by those models. Given the large vari-
ability in the data and the ﬁndings that homes do not correspond to
BREDEM assumptions, this challenges the validity of current esti-
mation of energy demand which might be substantially ﬂawed.
4. The calculation of the heat-loss of a building could be incorrect
when using standard assumptions.
BREDEM models assume that the demand temperature is
achieved throughout the assumed heating periods, and calcula-
tions of the heat-loss from the home during these periods assume
constant internal temperatures of 21 ◦C. If the actual temperature
was lower than this, the use of 21 ◦C in fabric heat loss calcula-
tions would result in overestimating losses. Conversely, if the actual
temperature was higher than assumed, the fabric heat loss using
21 ◦C would result in an underestimation. Hence, using the cur-
rent standard 21 ◦C values might lead to incorrect estimation of
heat-loss.
4.1. Limitations of the current study
For a more accurate comparison to the time windows used
in BREDEM based models, recordings at smaller time intervals
than 45 min  would have been desirable. Ideally, the HOBO data
loggers would have recorded temperatures every 30 min (or less),
but as they are only able to record a limited amount of events,
this would have shortened the number of months they could have
recorded temperatures in respondents’ homes, which would have
excluded the summer temperature monitoring that was included.
This paper was  based on evaluating heating patterns of the
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emand temperature that BREDEM assigned: 21 ◦C. The demand
emperature is the temperature which people ‘demand’ or want
or their home. The data indicated that the realized temperatures
re much lower than the assumed demand temperature but do not
ndicate the heating demand temperature per se. Likewise, for the
ssumed heating periods, temperatures were compared against
he assumed demand temperature of 21 ◦C, but not for the heating
ystem being on as such. Also, the current study does not allow
ifferentiating if temperatures were below the assumed demand
emperature because people chose lower temperatures or because
he heating system was not able to heat the home to the desired
emand temperature which could be 21 ◦C.
Whilst the data presented is from the years 2007/08, to the
uthors’ knowledge it is the most recent temperature data from a
arge probability sample of English households. As Rudge pointed
ut in 2004, there has been no national domestic temperature
ata collected since the 1996 English House Condition Survey [23].
oreover, this study includes only dwellings with gas-central heat-
ng and the market share of this technology has increased since
007 [24]. Furthermore, the construction and demolition rates of
wellings are very low [24], so the domestic building stock would
ave changed very little since 2007.
.2. Outlook on future research
Subsequent work needs to explicitly address the heating
emand temperature and the heating pattern instead of only look-
ng at recorded temperatures. Also, linking temperatures and/or
eating patterns to socio-demographic and buildings variables
ould then allow for the identiﬁcation of sub-segments of the pop-
lation characterized by particular patterns of heating. This would
hen enable the tailoring of interventions as needed and permit pre-
iction of energy consumption much more accurately, both on an
ndividual home-basis and across homes. Irrespective of the need
or future work, this study clearly established that the assumptions
f BREDEM models do not correspond to measured temperatures in
iving rooms in England and constitutes a basis for further research.
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